Purpose-To demonstrate the presence of MT asymmetry in human cervical spinal cord due to the interaction between bulk water and semisolid macromolecules (conventional MT), and the chemical exchange dependent saturation transfer (CEST) effect.
Introduction
The protons in solid-like macromolecules and mobile proteins in tissues can be selectively saturated by an off-resonance magnetization transfer (MT) pre-pulse in magnetic resonance imaging (MRI). It allows indirect detection of solid-like macromolecules through the exchange coupling of magnetization between the spins associated with bulk water and macromolecules by detecting the water signal intensity (1) (2) (3) (4) . The so-called magnetization transfer ratio (MTR) and z-spectrum (3) are commonly used to describe the magnitude of MT effect at different frequency offsets. Several quantitative models of MT have been proposed, among which Henkelman's two-pool model is one of the most widely used (5) . In many of these models, it has been generally assumed that the resonant frequency of the bulk water is the same as the solid-like macromolecules, which leads to symmetric z-spectra. However, recent research suggested that this assumption might not be valid. In particular, several studies have demonstrated asymmetrical z-spectra around the water resonance in different tissues (6) (7) (8) (9) (10) (11) (12) (13) . There are two types of MT asymmetry as reported. The first is associated with the conventional MT effect about the interaction between bulk water and semisolid macromolecules (conventional MT asymmetry) (6) (7) (8) (9) . It has been pointed out that in the brain, the z-spectra in tissue are slightly asymmetric around the water proton resonance frequency, with the center of the z-spectrum shifted slightly upfield (i.e. towards the lower frequency) from the water resonance (6) (7) (8) . The second type of MT asymmetry is due to the chemical exchange dependent saturation transfer (CEST) effect associated with exchangeable protons of some side groups e.g. −OH, −SH, and −NH (10) (11) (12) (13) . The saturation transfer takes place at a particular frequency corresponding to the magnetic resonance of the exchangeable protons. The saturated solute protons are replaced repeatedly by the nonsaturated water protons, and when the former accumulate in the water pool, there is saturation amplification (14) leading to an asymmetrical z-spectrum. Understanding the conventional MT asymmetry and CEST is important for clinical purposes, as they can help provide different contrast to certain types of pathology. Recently, it has also been reported that the MT asymmetry in 9L rat brain tumors is different from that in contralateral normalappearing brain tissue (8, 15) , which implies the feasibility of using MT asymmetry for tissue characterization as well. In the current study, these two types of MT asymmetry effects around water resonance are investigated in human cervical spinal cord using a 3T MR system.
Materials and methods

Theory
The z-spectrum plots the ratio of water signal intensities with and without the MT pulse as a function of frequency offset of the RF irradiation pulse. i.e. M sat (offset) / M 0 versus frequency offset of the MT pre-pulse, where M sat (offset) is the detected water magnetization with MT pre-pulse at a particular frequency offset, and M 0 is the one without the pre-pulse.
To study the magnitude of the magnetization transfer effect, the magnetization transfer ratio (MTR) can be calculated using:
The MT asymmetry spectrum can be calculated by subtracting the MTR obtained at the negative offsets with respect to water from those at the corresponding positive offsets. Therefore, MTR asym is defined as:
Subjects
Fourteen healthy male subjects, aged between 19-29 years (22.4 ± 2.5 years) were recruited in this study. Each participating subject gave fully informed consent prior to the experiment. The protocol was approved by the Research Ethics Committee of the institution where the study was carried out. For screening, sagittal T2-weighted and T1-weighted images were acquired before the study.
Scanning
Subjects were scanned on a 3T MRI scanner (Philips Achieva) with a multi-element spine coil as a receive coil and a Q-body coil as transmit coil. Four axial slices were acquired, with each one placed at either vertebral or disc level from C3/C4 to C5. Single shot spin-echo echo-planar imaging (SE-EPI) and gradient-echo EPI (GE-EPI) with one MT pre-pulse (pulse shape: block, saturation power: 2μT, saturation duration: 500ms) were used with frequency offsets from −80ppm to 80ppm. The frequency step was 5ppm between 10ppm and 80ppm, and 0.5ppm between 0ppm and 8ppm. For SE-EPI, the flip angle was set at 90 degrees, and the echo time (TE) was 31ms. In order to decrease the oblique flow displacement artifact from the cerebrospinal fluid (CSF), the pre-phasing gradient lobe for phase-encoding was placed after the 180 degrees refocusing pulse (16) . For GE-EPI, the flip angle was 70 degrees and TE was 9.7ms. Other common imaging parameters were as follows: field of view (FOV) = 80 * 36mm 2 , voxel size = 1 * 1.24 * 7mm 3 , repetition time (TR) = 2 heart beats, number of excitations (NEX) = 1, half scan factor ≈ 0.8, high-order shimming was on, fat saturation was applied, and Vectorcardiogram (VCG) triggering was used. The scanning time for SE-EPI and GE-EPI was around 8 minutes for each sequence.
Post-processing
Two dimensional rigid-body registration with three degrees of freedom was performed on the data volumes to eliminate the bulk motion effect using the software AIR (17) . To minimize the B 0 field inhomogeneity problem, the z-spectrum was interpolated to 1-Hz resolution with curve fitting. The minimum of the fitted z-spectra was assumed to be the water resonant frequency, which was shifted to 0 Hz (7) . In addition, the two outermost points in the z-spectra were discarded due to the shifting (7) . Two regions of interest (ROI) were then drawn manually. The first one covered the gray and white matter of the spinal cord, and the second one covered only the CSF. To minimize the partial volume effect, the ROIs were eroded for 1 voxel. Next, the homogeneity corrected z-spectral intensities (i.e. the interpolated and shifted raw data) at the corresponding positive and negative offsets around the water proton resonant frequency were compared on a voxel-by-voxel basis, in order to demonstrate the MTR asymmetry effect in the cervical spinal cord. The MTR asym was obtained for both gray/white matter and CSF in SE-EPI and GE-EPI sequences.
Statistical analysis
A one-sample Student's t-test was performed on the mean MTR asym values from both SE-EPI and GE-EPI data. This examined whether there was any significant difference from zero at various frequency offsets for the detection of the conventional MT asymmetry and CEST effects in the gray/white matter and CSF. For the comparison between SE-EPI and GE-EPI data, a paired t-test was conducted to detect statistically significant difference at various frequency offsets. The P-value threshold used in all the t-tests (including the one-sample ttest and the paired t-test) was set at 0.05, two-sided and corrected for multiple comparisons by Bonferroni correction. Figure 1 shows the representative SE-EPI and GE-EPI images with and without the MT prepulse, and the corresponding MTR images of the ones with MT pre-pulse. Figure 2 shows the z-spectra ( fig. 2a , c) and the MTR asym spectra ( fig. 2b, d ) in the gray/white matter and CSF, averaged over 14 subjects from the SE-EPI data. Figure 3 shows the results from the GE-EPI data. The z-spectra in CSF ( fig.2c and 3c) are narrower than in gray/white matter ( fig.2a and 3a) . In addition, the MR signal fraction M sat /M 0 is near unity at off-resonance frequency offsets larger than 5ppm ( fig.2c and 3c ), while the gray/white matter has lower M sat /M 0 ( fig.2a and 3a) . Furthermore, the statistical analysis from SE-EPI showed that the zspectrum in the gray/white matter ( fig. 2b ) was asymmetrical about the water resonance frequency (P < 0.05). A larger saturation effect was observed on the negative offset side at the frequency offsets of 15 -30ppm, 65ppm and 75ppm (minimum: −1.9% at 22.6ppm) and on the positive offset side at 2ppm, 3ppm and 3.5 -5.5ppm (maximum: 6.8% at 3.9ppm). There was no significant difference of MTRs between corresponding negative and positive frequency offsets in CSF ( fig. 2d ).
Results
The GE-EPI data showed similar results as the SE-EPI data. The statistical analysis from GE-EPI showed that the z-spectrum in the gray/white matter ( fig. 3b ) was asymmetrical (P < 0.05). A larger saturation effect was similarly observed on the negative offset side at 10 -30ppm, 40ppm, 50ppm, 65ppm and 70ppm (minimum: −1.4% at 24.5ppm) and on the positive offset side between 1.5 and 4ppm (maximum: 3.3% at 3.6ppm). The z-spectrum of CSF did not show any asymmetry around water resonance, except at frequency offsets of 1 and 1.5ppm ( fig. 3d ). Fig. 4 shows the difference of MTR asym values obtained in SE-EPI and GE-EPI sequences in gray/white matter and CSF respectively. The MTR asym values in gray/white matter obtained in SE-EPI were significantly higher than the ones in GE-EPI at frequency offsets between 3.5 and 4.5ppm (P < 0.05).
Discussion
The current MT asymmetry study was carried out in the human cervical spinal cord at 3T using SE-EPI and GE-EPI with an MT pre-pulse. Our results demonstrated MTR asymmetry in the gray/white matter due to both conventional MT and CEST effects. The comparison of MTR asym between SE-EPI and GE-EPI further suggested that while both sequences had similar trends in the results, SE-EPI showed significantly higher MTR asymmetry than GE-EPI at the frequency range of the amide protons.
The gray/white matter mainly consists of axons, dendrites and cell bodies of the neural cells, which are composed of various proteins, peptides and macromolecules. Therefore, magnetization transfer effect exists through chemical exchange and cross-relaxation. On the other hand, CSF mainly consists of water. The concentration of proteins and amino acid in CSF is very low, so there is insignificant magnetization transfer. This explains the negligible MT effect in the CSF, which leads to a narrower z-spectrum when compared with the gray/ white matter and the MR signal fraction M sat /M 0 is driven to unity at off-resonance frequency offsets larger than 5ppm ( fig. 2c and fig 3c) . When comparing the MTR asym values between gray/white and CSF in SE-EPI (figures 2b,d) and GE-EPI (figures 3b,d), the z-spectrum in the gray/white matter was asymmetrical about the water resonance frequency, with more saturation effect at the lower frequencies (corresponding to a negative frequency offset) far away from water and at higher frequencies (a positive frequency offset) close to water. These results are consistent with the previous studies on the brain (7, 8) . The larger saturation effect at the negative offset frequencies far away from water was attributed to a center frequency shift from the semisolid pool with respect to water in conventional MT (7) . The larger saturation effect at the positive offset frequencies close to water is more complicated. Both the conventional MT asymmetry and the CEST effect, e.g. the amide proton transfer (APT) effect at +3.5ppm (10), contribute to this effect. Our results demonstrated the MT asymmetry in the gray/white matter of human cervical spinal cord arising from both conventional MT and CEST effects. The CSF did not have a significant MT asymmetry at frequency offsets around 3.5ppm and >10ppm, as CSF had very little conventional MT and CEST effects. However, it is noted that the MTR asym value was significantly different from zero in CSF at frequencies very close to the water resonance (1ppm and 1.5ppm in fig. 3d ) in GE-EPI. This may be due to the large standard deviation in MTR asym in CSF (18) . In the literature, artifacts in CSF in APT-weighted images have been well documented (10, 14, 18) .
In the comparison between GE and SE data, the paired t-test showed that SE has significantly higher MTR asym than GE in gray/white matter between 3.5ppm and 4.5ppm ( fig. 4 ). This frequency range mainly corresponds to the amide protons. This suggests that the detecting sensitivity of the APT effect in the cervical spinal cord may be higher in the SE-EPI sequences. This can be explained by the fact that the cervical spinal cord is subjected to considerable magnetic field inhomogeneity because of the large susceptibility difference among the tissues. This problem can be minimized by using a spin-echo-based sequence. Due to the presence of the 180 degrees refocusing pulse, SE sequence can produce images with less intensity distortion, thus increasing the detecting sensitivity of MT asymmetry.
It has been shown that there exists a characteristic RF saturation power (ω 1c ) that maximizes the conventional MT asymmetry, and it approximately falls in the range of 0.5μT to 3.5μT at the frequency offsets of 5 -60ppm (7) . We therefore chose 2μT in this study mainly to keep the SAR at a reasonable level while achieving considerable amount of conventional MT asymmetry.
There are several limitations in our experiments. Firstly, the cross-sectional diameter of the spinal cord is very small (~10 mm), and single-shot EPI was used for fast imaging in the current study. Because of a long echo train length, EPI suffers from spatial blurring and susceptibility-induced distortion, especially in the cervical spinal cord (19, 20) . Also, due to the high sensitivity of MTR to motion (21) , it is not easy to separate the gray and white matter to perform respective MT asymmetry analysis. Therefore, in this study, the gray and white matter was combined together. Secondly, physiological motion arising from blood, CSF flow and breathing can decrease the sensitivity of asymmetry detection. Therefore, VCG-triggering during data acquisition and image registration were used to reduce the physiological motion. Respiratory triggering was not used in this study, as a recent study in spinal fMRI suggested that motion from respiration is not a significant source of artifact (22) .
The pre-phasing gradient lobe for phase-encoding in the default SE-EPI setting of our MR system is placed before the 180 degrees refocusing pulse. However, in the current study, it was moved to a position after the refocusing pulse. The advantage of this was to reduce the oblique flow displacement artifact (16) induced mainly from CSF. However, there was a disadvantage in doing so. The free-induction decay (FID) from the non-ideal refocusing pulse (flip angle ≠ 180 degrees) would also be phase-encoded, which might result in image artifacts (16) . However, from our images, no significant artifact was observed in the spinal cord.
The significance of this study is that the existence of MT asymmetry in the human cervical spinal has been verified. The conventional MT asymmetry may give more insight into the interaction between semisolid tissue components and bulk water, providing a new MR contrast in certain pathology that affects the macromolecule pool or the chemical shift difference between the bulk water pool and the solid-like macromolecule pool (8) . The CEST effect, more specifically APT, provides a method for detecting endogenous mobile proteins and peptides at a very low concentration through the water signal. It can be used to image tissue pH (10), tissue protein and peptide content (15) . Moreover, the discovery of the MT asymmetry around the water resonance also necessitates more sophistication in some MRI experiments. For example, MT asymmetry adversely affects the accuracy of perfusion quantification in continuous-wave arterial spin labeling (CASL). Compensation schemes (23, 24) such as gradient inversion (6), compensated δω 2 inversion (6) and two-coil approach (24) have to be used. The conventional MT asymmetry will also complicate the quantification of CEST effect, as the two are concurrent. Proper algorithm has to be derived in order to separate the conventional MT asymmetry and CEST in the future.
In conclusion, magnetization transfer asymmetry has been demonstrated in gray/white matter of human cervical spinal cord at 3T. Both SE-EPI and GE-EPI showed consistent results. There was a larger saturation effect at the negative frequency offsets far away from water, which was attributed to a center frequency shift from the semisolid macromolecule pool with respect to water in conventional MT. Larger saturation effect was also observed at the positive offset frequencies close to water, which was attributed mainly to a type of CEST effect, the amide proton transfer (APT) effect. Results obtained using a SE sequence showed significantly higher MTR aysm than GE at the amide proton frequency range, possibly due to less intensity distortion in SE. Magnetization transfer (MT) asymmetry results from spin-echo echo-planar imaging (SE-EPI) data (n=14) (a) mean z-spectrum (blue line) with standard error of the mean (SEM; red line) of gray/white matter from C3/C4 -C5; (b) mean MTR asymmetry with SEM in gray/ white matter. The black square on the curve highlights the points that the MTR asymmetry values at those particular frequency offsets are significantly different from zero by onesample t-test (P < 0.05); (c) mean z-spectrum with SEM in cerebrospinal fluid (CSF); (d) mean MTR asymmetry with SEM in cerebrospinal fluid (CSF). Ng 
Author Manuscript
Author Manuscript
